To locate key RNA features in the structure of the spliceosome by EM, we fused a sequence-specific RNA binding protein to a protein with a distinct donut-shaped structure. We used this fusion to label spliceosomes assembled on a pre-mRNA that contained the target sequence in the exons. The label is clearly visible in EM images of the spliceosome, and subsequent image processing with averaging shows that the exons sit close to each other in the complex. This labeling strategy will serve as a general tool for analyzing the structures of RNA-containing macromolecular complexes.
RESULTS
Creation of a protein-based EM label directed to RNA To generate the label, we fused the coliphage coat protein PP7 to the b-subunit of Escherichia coli DNA polymerase III, DnaN, to create a labeling protein we term Beta-PP7 (Fig. 1a) . PP7 is a small protein that binds a 24-nucleotide (nt) RNA hairpin sequence with picomolar affinity 7 . DnaN, the so-called sliding clamp, dimerizes to form a donut-shaped structure of B90 Å in diameter 8 . Beta-PP7 is highly expressed in E. coli and could be easily purified via a 6ÂHis tag (data not shown). We examined the purified protein, which was negatively stained with uranyl acetate, by transmission EM and could easily identify the ring structure formed by DnaN (data not shown). Furthermore, on the basis of western analysis of pull-downs using a fusion of another coliphage coat protein, MS2, to maltose binding protein (MS2-MBP) and a pre-mRNA containing both MS2 and PP7 binding sites, we found that Beta-PP7 specifically binds RNA containing the PP7 target sequence (Fig. 1b) . EM imaging of negatively stained eluate from the pull-downs revealed the presence of the donutshaped label (Fig. 1c) .
Labeling spliceosome complexes with Beta-PP7
To label the exons in the spliceosome, we inserted the PP7 target sequence into either the 5¢ or 3¢ exon of a pre-mRNA splicing substrate (Fig. 1d) . The 5¢ exon PP7 site is located 59 nt upstream of the 5¢ splice site, in a region where the pre-mRNA is accessible in assembled spliceosomes (J. Ilagan and M.S.J., unpublished observations). For 3¢ exon labeling, we placed the PP7 site at an accessible region 49 nt downstream of the 3¢ splice site. We purified C-complex spliceosomes assembled on this pre-mRNA in HeLa nuclear extract and arrested just before exon ligation as described previously 9 with the following exception: after size exclusion and before affinity purification, we incubated the complexes with an B100-fold excess of Beta-PP7. Excess unbound label was then washed away while the complexes were immobilized on the affinity resin.
In electron micrographs of negatively stained purified complexes, we repeatedly observe spliceosomes associated with a single donut of B9 nm in diameter (Fig. 2a,b) . Although the label presents two PP7 binding sites, we did not observe any dimerization of spliceosomes. It is likely that the low nanomolar concentration of spliceosomes combined with the large excess of Beta-PP7 results in the single labeling. A count of the particles that had a clear adjacent donut shape led us to estimate a labeling efficiency of B25%. Because orientations of the spliceosome in which the label lies on top or underneath the complex or presents a side view would not be tallied, the labeling efficiency may actually be higher.
Image processing of individual particles to locate exons
To determine the location of the label in the complex, we selected a large number of individual spliceosomes from labeled sample images and carried out several rounds of classification and alignment to obtain class-averaged views. Previously, we observed that the spliceosome exhibits a few preferred orientations in negative stain 9 , and with the Beta-PP7 labeled samples we again obtain class-averaged views reflecting these orientations. Furthermore, in a subset of class-averaged views, we observe an additional feature that has dimensions appropriate for Beta-PP7 (Fig. 2a,b) . To verify the feature as the label, we compared spliceosome images from unlabeled and labeled samples in the following way. For a particular class-averaged view showing the feature, we extracted the constituent images (typically on the order of 400 images) and mixed these with a similar number of images derived from a comparable class-averaged view obtained from unlabeled splicing complexes. We carried out several rounds of alignment with these images and then separated them into two classes. As expected, the classes represent an identical view, but one class contained the feature and was composed entirely of images from the labeled image set (slightly fewer than the input 400), whereas the other class lacked the feature (Fig. 2c, right) . We then subtracted the two averages from each other to generate a difference image and observed that the strongest difference feature is consistent with Beta-PP7 in both shape and dimensions (Fig. 2d,e) . We carried out this analysis with the label directed to both the 5¢ and 3¢ exons independently. In both cases, the label was located on the same face of the spliceosome structure, as may be expected for this stage of spliceosome assembly in which complexes are arrested before exon ligation. Given that the label is bound to RNA, which could serve as a flexible tether, we were somewhat surprised at the relatively tight distribution of the averaged label density. It is conceivable that a wider distribution of label positions exists and was not selected for during classification. However, we did not observe any evidence for this possibility in the other class-averaged views.
DISCUSSION
Labeling features of macromolecular complexes is an important, yet challenging, undertaking for interpreting structures derived from EM reconstruction. Our goal in creating the Beta-PP7 label was to identify pre-mRNA features in the structure of C-complex spliceosomes. One important attribute for any exogenous label is efficiency of binding. Although not perfectly efficient, the 25% labeling we achieved with Beta-PP7 is a significant achievement for labeling single particles in EM images. There are at least two possible sources for the substoichiometric labeling observed. First, as discussed previously, our method for estimating labeling efficiency is conservative. Second, our purification yields complexes at low concentration and, although we use an excess of label, binding kinetics suggest that we still cannot achieve 100% labeling given the time available for binding. Even so, the labeling efficiency we achieved clearly allowed us to identify the position of the label by routine image processing and statistical analysis. Furthermore, the labeling is considerably higher than that achieved either by our previous strategy of using biotinylated antisense oligonucleotides targeting exon sequences with a streptavidin-gold conjugate 9 or by attempts at antibody labeling. Because labeled particles can be rare, most single-particle labeling experiments are reported with a handful of individually labeled complexes and are interpreted by eye, not by averaging as we demonstrate in this study. We attribute the relatively high efficiency of labeling to the picomolar affinity of PP7 for its binding site and our ability to economically produce and use a large excess of the protein during a one-step labeling procedure.
Another consideration for an EM label is the precision with which it can be used to locate its target. Given the large size of Beta-PP7 and the fact that its target RNA may provide a flexible tether, its precision may be limited. However, relative to the large spliceosome, we can still make some predictions based on the position of the Beta-PP7 label directed to the exons in the complex. First, as noted previously, the 5¢ and 3¢ exons are positioned close to each other, possibly extending from the same face of the complex, and reflecting their positions before exon ligation. Comparison to cryo-negative stain views used to calculate the three-dimensional structure of C-complex spliceosomes 2 reveals that this area correlates to the region where the 'top' and 'bottom' domains of that structure meet. Recent work by the Stark and Luhrmann groups indicates that the bottom domain is the U5 small nuclear ribonucleoprotein (snRNP) 4 . One U5 snRNP protein, pre-mRNA processing factor 8 homolog (PRP8), has been shown to interact with both exons near the splice sites in the C complex, suggesting that this protein may be located near the domain interfaces [10] [11] [12] .
In summary, we have established a new protein-based label against RNA for EM studies of macromolecular complexes. The label is straightforward to produce, is highly specific and has allowed us to identify key RNA features in the human spliceosome. Furthermore, Beta-PP7 has the benefit of being easily identified in raw EM images and will thereby serve as a tool for analyzing the structures of the evergrowing number of large macromolecular complexes that contain or process RNA.
METHODS
Construction and purification of the Beta-PP7 fusion protein and PP7-tagged pre-mRNA. The full-length b-subunit of the E. coli DNA polymerase, DnaN, was subcloned into the NcoI and EcoRI sites of pET28ZZTPP7H to generate the plasmid pETBetaPP7H, which encodes Beta (residues 1-366) fused via a 27-amino-acid linker to the N terminus of PP7 (residues 1-137) with a C-terminal 6ÂHis tag. The protein was expressed in E. coli and purified sequentially by nickel affinity, heparin cation exchange and size-exclusion chromatographies.
PP7-tagged pre-mRNA was generated by subcloning a primer extension product of the 24-nt PP7 binding site into either the KpnI-SacI sites (5¢ exon tag) or the BamHI site (3¢ exon tag) of an AdML gene construct containing three MS2 binding sites in the intron and an AG to GG 3¢ splice-site mutation 9 .
Pull-down experiments. 10 pmol PP7-tagged pre-mRNA was incubated with 1 nmol MS2-MBP, 1 nmol Beta-PP7 and 50 ml of amylose resin (New England Biolabs) in 20 mM Tris, pH 7.9, 150 mM KCl and 2 mM MgCl 2 for 2 h at 4 1C. The resin was washed and complexes were eluted with maltose. Identical control experiments were carried out with pre-mRNA substrate lacking the PP7 tag. For western blots, eluted fractions from the amylose resin were separated on a 10% (v/v) SDS-PAGE gel, transferred to a nitrocellulose membrane and probed with an antibody to the 6ÂHis tag of Beta-PP7 (Santa Cruz Biotechnology).
Assembly and labeling of C-complex spliceosomes. C-complex spliceosomes were assembled and purified as described 9 with the following exception: before affinity purification, we added 1 nmol Beta-PP7 to the spliceosome-containing fractions and incubated them for 1 h at 4 1C.
Electron microscopy and image processing of labeled complexes. 5 ml of freshly prepared C-complex spliceosome solution was deposited onto glowdischarged carbon-coated grids and stained with 2% (w/v) uranyl acetate solution. Samples were analyzed in a JEOL 1230 electron microscope operating at 120 kV. Micrographs were exposed under low-dose conditions at 60,000Â magnification on a 4K Â 4K Gatan CCD camera, resulting in images being sampled at 4.9 Å per pixel. Roughly 6,500 5¢ exon-labeled spliceosomes, 10,000 3¢ exon-labeled spliceosomes and 6,500 unlabeled spliceosomes were selected with the EMAN program Boxer 13 . Following 2Â2 pixel averaging in SPIDER 14 the IMAGIC software package 15 was used to align images and create class sums and difference images.
